Solenodons are insectivores living on the Caribbean islands, with few surviving related taxa. The genus occupies one of the most ancient branches among the placental mammals. The history, unique biology and adaptations of these enigmatic venomous species, can be greatly advanced given the availability of genome data, but the whole genome assembly for solenodons has never been previously performed, partially due to the difficulty in obtaining samples from the field. Island isolation has likely resulted in extreme homozygosity within the Hispaniolan solenodon (Solenodon paradoxus), thus we tested the performance of several assembly strategies for performance with genetically impoverished species' genomes. The string-graph based assembly strategy seems a better choice compared to the conventional de Brujn graph approach, due to the high levels of homozygosity, which is often a hallmark of endemic or endangered species. A consensus reference genome was assembled from sequences of five individuals from the southern subspecies (S. p. woodi). In addition, we obtained one additional sequence of the northern subspecies (S. p. paradoxus). The resulting genome assemblies were compared to each other, and annotated for genes, with a specific emphasis on the venomous genes, repeats, variable microsatellite loci and other genomic variants. Phylogenetic positioning and selection signatures were inferred based on 4,416 single copy orthologs from 10 other mammals. Patterns of SNP variation allowed us to infer population demography, which indicated a subspecies split within the Hispaniolan solenodon at least 300 Kya.
solenodon (S. cubanus), implying that solenodon divergence from other eulipotyphlan mammals such as shrews and moles date back to the Cretaceous era, ~76 million years ago (Mya), before the mass extinction of the dinosaurs ~ 65 Mya. Brandt et al. 2016 sequenced complete mitogenome sequences of six Hispaniolan solenodon specimens, corroborating this conclusion, and estimated that S. paradoxus diverged from all other mammals approximately 76 Mya. An analysis of five nuclear genes gave a much later estimate (<60 Mya) for the solenodon divergence [15] , and disagreed on the date and the mode of speciation of the two extant species. Specifically, this study suggested a much more recent date for speciation following a Cenozoic over-water dispersal 3.7-4.8 Mya [15] , rather than vicariance following land separation between Eastern Cuba and Western Hispaniola 25 Mya [3] .
Current molecular data allows the whole genome analysis of S. paradoxus that can provide support and validation to the earlier evolutionary studies.
It may now be imperative to study conservation genomics of solenodons, whose extinction would extirpate an entire evolutionary lineage whose antiquity goes back to the age of dinosaurs. S. paradoxus survived in spectacular island isolation despite the devastating human impact to biodiversity in recent centuries [3, 13] . Nevertheless, survival of this species is now threatened by deforestation, increasing human activity, and predation by introduced dogs, cats and mongooses, and In this study, we assembled the genome of S. paradoxus using low coverage genome data (~5x each) from five S. paradoxus woodi individuals. We take advantage of the low individual and population genetic diversity to pool individual data, and apply a string graph assembly approach resulting in a working genome assembly of the S. paradoxus genome from the combined paired-end dataset (approximately 26x). Our methodology introduces a useful pipeline for genome assembly to compensate for the limited amount of sequencing, which, in this instance performs better than the assembly by a traditional de Bruijn algorithm (SOAPdenovo2) [16] . We employed the string-graph assembler Fermi [17] as a principal tool for contig assembly in conjunction with SSPACE [18] and GapCloser [16] for scaffolding. The resulting genome sequence data was sufficient for high-quality annotation of genes and functional elements, as well as for comparative genomics and population genetic analyses. Prior to this study, the string-graph assembler Fermi [17] has been used only in studies for annotation, or as a complementary tool for de novo assemblies made with de Bruijn algorithms [19] . We present and compare genome assemblies for the southern subspecies (S. p.
woodi) based on several combinations of assembly tools, provide a high-quality annotation of genome features and describe genetic variation in two subspecies (S. p. woodi and S. p. paradoxus), make inferences about recent evolution and selection signatures in genes, trace demographic histories, and develop molecular tools for future conservation studies.
Data description

Sample collection and sequencing
Five S. paradoxus woodi adult individuals from southern Dominican Republic were collected in the wild following the general field protocol including two specimens caught from La Cañada del Verraco, and three from the El Manguito location in the Pedernales Province. In addition, one S. p.
paradoxus (Spa-1) sample was acquired through the collaboration with ZooDom at Santo Domingo, but was originally brought there from Cordillera Septentrional in the northern part of the island. The captured individuals were visually assessed for obvious signs of disease, weighed, measured, sexed, and released at the capture site, all within 10 minutes of capture. Geographic coordinates were recorded for every location. Figure 2 highlights geographical locations of sample collection points for the samples used in this study.
The five S. p. woodi samples were sequenced using Hiseq2000 technology (Illumina Inc.), resulting in an average of 151,783,327 paired-end reads, or 15.33Gb of sequence data, per individual.
In addition, DNA extracted from the northern solenodon (S. p. paradoxus) Spa-1 produced a total of 52,358,830 paired-end reads, equating to approximately 13.09Gb of sequence data. Only the samples of S. paradoxus woodi were used for assembly since the northern subspecies (S. paradoxus paradoxus) did not have sufficient coverage for the de novo assembly.
Further details about sample collection, DNA extraction, library construction and sequencing can be found in the Methods section. The whole genome shotgun data from this project has been deposited at DDBJ/ENA/GenBank under the accession NKTL00000000. The version described in this paper is version NKTL01000000. The genome data has also been deposited into NCBI under BioProject PRJNA368679, and to GigaDB (Grigorev et al. 2017 ).
Read correction
After the reduction of adapter contamination with Cookiecutter [20] , the k-mer distribution in the reads for the five individuals of S. paradoxus woodi was assessed with Jellyfish [21] . The predicted mean genome coverage was approximately 5x for each sample (Figure 3) . Given the hypothesized low levels of genetic diversity, and in order to increase the average depth of coverage, the reads from the five samples were combined into a single data set. As a result, the projected mean genome coverage for the combined genome assembly was 26x. Error correction was applied with QuorUM [22] using the value k = 31. The k-mer distribution analysis by Jellyfish in the combined and error-corrected data set indicated very low levels of heterozygosity in accordance with the hypothesis (see Figure 3 legend), allowing use of the combined dataset for the further genome assembly. The genome size has been estimated using KmerGenie [23] to be 2.06Gbp.
Analyses
Assembly tool combinations
We used several alternative combinations of tools to determine the best approach to an assembly of the combined genome data, outlined in Table 1 . First, the combined libraries of paired end reads were assembled into contigs with Fermi, a string graph based tool [17] . Second, the same libraries were also assembled with SOAPdenovo2, a de Bruijn graph based tool [16] . The optimal kmer length parameter for SOAPdenovo2 was determined to be k = 35 with the use of KmerGenie [23] . For the scaffolding step we used either SSPACE [18] or the scaffolding module of SOAPdenovo2 [16] . Finally, for all instances, the GapCloser module of SOAPdenovo2 was used to fill in gaps in the scaffolds [16] . After assembly, datasets were trimmed: scaffolds shorter than 1Kbp
were removed from the output. In Table 1 , the four possible combinations of tools used for the assembly are referred to with capital letters A, B, C, and D for brevity. However, SOAPdenovo2
introduces artifacts at the contig construction stage, which it is specifically designed to mitigate at later stages, and SSPACE is not aware of such artifacts [24] . For this reason, the assembly produced by combination D (contig assembly with SOAPdenovo2 and scaffolding with SSPACE) was not reported.
QC and structural comparisons between the assemblies
We used QUAST [25] to estimate the common metrics of assembly quality for all combinations of assembly tools: N50 and gappedness (the percentage of Ns ( Table 1) ). Fermiassembled contigs (A and B) were overall longer and fewer in number than the SOAPdenovo2 (C and D). The assembly completeness was also evaluated with both BUSCO [26] and CEGMA [27] for completeness of conservative genes. Fermi assemblies (A and B) showed high levels of completeness compared to SOAPdenovo2 (86% vs 42%) at the contig level. However, this difference is partially mitigated at the scaffolding step where SOAPdenovo2 increases completeness for Fermi assembly (A), and more than doubles it for the SOAPdenovo2 assembly (C). To directly evaluate the quality of all the assemblies we applied REAPR [28] . From the REAPR metrics presented at the bottom part of Table 1 , it appears that, even though the scaffolding step has increased the final N50
for the C assembly, it contains significantly more regions with high probability of misassemblies (low-scoring regions), less error-free bases, and 3 to 6 times higher number of incorrectly oriented reads compared to the Fermi based assemblies (A and B) ( Table 1) .
We hypothesized that aligning the three genome assemblies to each other will allow us to detect some of these misassembles. A comparison to the best, most closely related genome assembly (e.g. Sorex araneus) will reveal several rearrangements that in many cases reflect real evolutionary events. It is reasonable to assume that, if all the rearrangements that are detected are real, and not due to the assembly artifacts, the number of detected rearrangements vs Sorex assembly should be the same for all three Solenodon assemblies (A, B and C). Following the parsimony principle, an assembly showing rearrangements is also likely to be containing the most assembly artifacts.
Conversely, we expected that the best of the three assemblies of the Solenodon genome should contain the least number of reversals and transpositions when compared to the best available closely related genome (Sorex araneus).
To test this hypothesis, the three completed assemblies of Solenodon (A, B and C) were aligned to each other, and to the outgroup, which was the Sorex genome (SorAra 2.0, NCBI accession number GCA_000181275.2), using Progressive Cactus [29] . Custom scripts were employed to interpret binary output of the pairwise genome by genome comparisons, and the resulting coverage metrics are presented in Table 2 . In this comparison, all three Solenodon genome assemblies had a significant overlap, and resulted in similar levels of synteny when compared against the Sorex reference assembly, but assemblies A and B were the most closely related, while assembly C was slightly more different from each of them. Next, syntenic blocks between each of the three Solenodon assemblies (A, B and C) were compared to the Sorex assembly, and 50Kbp syntenic blocks were identified using the ragout-maf2 synteny module of the software package Ragout [30] , and the numbers of scaffolds that contained syntenic block rearrangements were determined. As a result, assembly B had the lowest number of reversals and transpositions when compared to the S. araneus reference genome ( Table 2) . Based on the combined results of the evaluations by REAPR [28] , Progressive Cactus [29] and Ragout [30] , assembly C (generated by the complete SOAPdenovo2 run)
was not included in the further analysis.
Genome annotation and evaluation of assembly completeness
Repeats in assemblies A and B were identified and soft masked using RepeatMasker [31] with the RepBase library [32] . The total percentage of all interspersed repeats masked in the genome was lower than in S. araneus (22.53% vs 30.48%). This occurred maybe because a low coverage assembly was likely to perform better in non-repetitive regions. Alternatively, if the repeat content in S.
paradoxus is indeed lower, it will have to be evaluated using a higher quality assembly with the use of long read data. The total masked repeat content of the S. paradoxus genome including simple/tandem repeats, satellite DNA, and low complexity regions, etc. is presented in Table 3 . The repeat content can be retrieved from Database S1.
The annotation of protein-coding genes was performed using a combined approach that synthesized both homology-based and de novo predictions, where de novo predictions were used to fill gaps and extend homology-based predictions. Gene annotation was performed for both assemblies of the potentially protein-coding regions to the AUGUSTUS software package [34] , which predicted genes in the soft-masked Solenodon assembly. Proteins were extracted from the predicted genes and aligned by HMMER [35] and BLAST [36] to Pfam [37] and Swiss-Prot (UniProt Consortium & others, 2014) databases, respectively. Genes supported by hits to protein databases and hints were retained; the unsupported sequences were discarded. The annotated genes can be retrieved from Database S2.
Assembly B showed a higher support compared to assembly A (91.7% vs 79.2%) for the protein coding gene predictions by extrinsic evidence, even though assembly A had a larger N50 value ( Table 1) . These values were calculated as a median fraction of exons supported by alignments of proteins from reference species to genome (Figure 4) . In other words, assembly B is more useful for gene predictions, and is likely to contain better gene models that can be used in the downstream analysis. Therefore, based on two lines of evidence: low rearrangement counts ( Table 2) , and high support to gene prediction for the assembly B, it was chosen for the subsequent analyses as the most useful current representation of the Solenodon genome.
Non-coding RNA genes
For all non-coding RNA genes except for tRNA and rRNA genes, the search was performed with INFERNAL (Nawrocki and Eddy 2013) using the Rfam [39] BLASTN hits as seeds. The tRNA genes were predicted using tRNAScan-SE [40] , and rRNA genes were predicted with Barrnap ((BAsic Rapid Ribosomal RNA Predictor) version 0.6 [41] ). Additionally, RNA genes discovered by
RepeatMasker at the earlier stages of the analysis were used to cross-reference the findings of rRNA and tRNA-finding software. The list of the non-coding RNA genes can be accessed in Database S3.
Multiple genome alignment, synteny and duplication structure
To compare the duplication structure of the Solenodon genome assembly with other mammalian genomes, a multiple alignment with genomes of related species was performed using Progressive Cactus [29] . Currently available genomic assemblies of cow (Bos taurus, BosTau 3. (Figure S1 ). We evaluated the S. paradoxus coverage by comparing it to the weighted coverages of other genomes in the alignment to the C. familiaris genome ( Table 4) . Custom scripts were employed to interpret the binary output of Progressive Cactus [29] . Cactus genome alignments were used to build a "sparse map'" of the homologies between a set of input sequences.
Once this sparse map is constructed, in the form of a Cactus graph, the sequences that were initially unaligned in the sparse map are also aligned [29] . Weighted coverage of a genome by a genome was calculated by binning an alignment into regions of different coverage and averaging these coverages, with lengths of bins as weights. The weighted coverage of S. paradoxus to C. familiaris was 1.05, which indicated that the present genome assembly is comparable in quality and duplication structure to other available mammalian assemblies, which are close to each other and are close to 1.0 ( Table   4) .
Detection of single-copy orthologs
Single-copy orthologs (single gene copies or monoorthologs) are essential for the evolutionary analysis since they represent a useful conservative homologous set, unlike genes with multiple paralogs, which are difficult to compare between species. Longest proteins corresponding to each gene of S. paradoxus and three other Eulipotyphla -Erinaceus europaeus, S. araneus, C. cristatawere aligned to profile hidden Markov models of the TreeFam database [42, 43] using HMMER [35] .
Top hits from these alignments were extracted and used for assignment of corresponding proteins to families. The same procedure was performed in order to assign proteins to orthologous groups using profile HMMs of orthologous groups of the maNOG subset from the eggNOG database [44] as reference. Orthologous groups and families for which high levels of error rates were observed while testing assignment of proteins to them were discarded; the rest of the orthologous groups and families were retained for further analysis. Proteins and the corresponding assignments were obtained from 
Species tree reconstruction and divergence time estimation
We used our genome assembly to infer phylogenetic relationships between S. paradoxus and other eutherian species with known genome sequences and estimated their divergence time using the new data. Based on the alignments of the single-copy orthologous proteins for the species included in the analysis, a maximum likelihood tree was built using RAxML [45] with the PROTGAMMAAUTO option and the JTT fitting model tested with 1,000 bootstrap replications.
From the codon alignments of single-copy orthologs of the eleven species, 461,539 four-fold degenerate sites were extracted. The divergence time estimation was made by the MCMCtree tool from the software package PAML [46] with the HKY+G model of nucleotide substitutions and 2,200,000 generations of MCMC (of which the first 200,000 generations were discarded as burn-in).
Divergence times were calibrated using fossil-based priors associated with mammalian evolution, listed in Table 5 and based on [47] [48] [49] [50] . FigTree [51] was used to plot the resulting tree, shown in , and still within the timeframe of molecular estimates of divergence times between most island taxa and their mainland counterparts [52] . Our data supports solenodon divergence that occurred before divergence between shrews, moles and erinaceids [53] [54] [55] [56] , approximately at the same time as splits between other large mammalian groups, such as between rodents and primates, or carnivores and artiodactyls ( Figure 5 ).
Positively selected genes
To evaluate signatures of selection in the assembled genomes we used the dataset of the 4,416 orthologous groups containing single copy orthologous genes of the mammalian species described earlier. Single copy orthologs were used as a conservative set necessary to compare coding sequences that only arose one time in order to avoid using uncertainties associated with paralogs and lineage specific gene duplications. First, we translated DNA sequences into amino acids, aligned them in MUSCLE [57] , and then translated back into DNA code using the original nucleotide sequences by PAL2NAL [58] . Genic dN/dS ratios were estimated among the 11 (including Solenodon) mammalian species used in constructing the phylogeny represented in Figure 5 .
To estimate the dN/dS ratios, we used the codeml module from the PAML package [46] . The dN/dS ratios were calculated over the entire length of a protein coding gene. The branch-site model was not included in the current analysis because of the chance of reporting false positives due to sequencing and alignment errors [59] , especially on smaller datasets, and additional uncertainties could be introduced from the lack of power under synonymous substitution saturation and high variation in the GC content [60] .
All the single copy orthologs were plotted in the dN to dS coordinates and color-coded according to the 96 Gene Ontology generic categories ( Figure 6 ). We retrieved values of dN, dS and w (w=dN/dS) for all single copy orthologs and used human annotation categories to assign all the genes with their gene ontologies (GO) using the Python package goatools [61] and the GO Slim generic database ( GO Consortium, 2004) to assign the genes to the major GO categories.
The dN/dS values for the 12 genes exhibiting positive selection ( Table 6 ) are visible above the dN=dS line. Three of these genes belong to the plasma membrane GO category (GO:0005886), while cytosol (GO:0005829), mitochondrial electron transport chain (GO:0005739), cytoplasm (GO:0005737) and generation of precursor metabolites (GO:0006091) were represented by one gene each. Five of the genes exhibiting positive selection signatures could not be assigned to the GO categories. Some of these are also associated with the plasma membranes (TMEM56, SMIM3), and one gene (CCRNL4) encodes a protein highly similar to the nocturnin, a gene identified as a circadian clock regulator in Xenopus laevis [63] . We are giving the full list of the genes, GO annotations, and the associated dN/dS values for each in the Database S6.
Traditionally, one of the most commonly used signatures of selection is expressed in terms of the ratio of non-synonymous (dN) to synonymous (dS) substitutions, dN/dS [64] . Synonymous rate (dS) expresses the rate of unconstrained, neutral evolution, so that when dN/dS<1, the usual interpretation is that negative selection has taken place on non-synonymous substitutions. Otherwise, when dN/dS>1, the interpretation is that the positive selection is likely to have accelerated the rate of fixation of non-synonymous substitutions. It is possible to quantify the proportion of nonsynonymous substitutions that are slightly deleterious from the differences in dN/dS between rare and common alleles [65] [66]. In our comparison, a subset of single copy orthologs dN/dS compared to the 10 mammalian species ( Figure 5 ) is estimated to be ~0.18 or 18%, on average, compared for ~0.25 is reported for the human-chimp and ~0.13 reported for the mouse-rat comparisons [67] . In other words, it suggests that up to 82% of all amino acid replacements in S. paradoxus are removed by purifying selection [67] .
Note that purifying selection is the conservative force in molecular evolution, whereas positive selection is the diversifying force that drives molecular adaptation. Overall the list of positively selected gene is relatively short compared to numbers of positively selected genes reported in other studies (e.g. human to chimpanzee comparison yields several hundreds of human-specific genes under selection [68] [69] [70] . This observation could be a consequence of the averaging effect of large comparison group that included mammals very distantly related to solenodons, but since it is expected that genetic drift was the principal driving force of the evolution in the solenodon genome over tens of millions of years of island isolation, a lower number of positively selected genes and predominance of the purifying selection is expected.
The dN/dS ratios can also be used as a proxy toto illustrate the rate of evolution for proteins.
By looking at the trends in fast evolved genes (dN/dS > 0.25) we can make inferences about the factors that shaped the genome of this species during the millions of years of island isolation. To summarize the functional contributions, we used the PANTHER Overrepresentation Test and GO Ontology database based on the H. sapiens (Table S1 ) and M. musculus (Table S2 ) genes [71] .
Interestingly, genes involved in the inflammatory response and located on cell surfaces were among those overrepresented among the rapidly evolving genes in Solenodon genome compared either to the human or mouse databases (Table S1 and S2).
Venom gene identification
Since solenodon is one of very few venomous eutherian mammals, of special interest in the solenodon genome were the putative venom genes. While there was no saliva sample in our possession that could be analyzed for the expressed toxin genes, a comparative genome approach could be applied as an indirect way to find venom genes orthologous to genes expressed in venom for other species. First, we identified 6,534 toxin and venom protein representatives (Tox-Prot) from
Uniprot [72] , and queried them with BLAST against the current S. paradoxus genome assembly. The hit scaffolds were then extracted from the AUGUSTUS CDS prediction file. The same Tox-Prot sequences were used for Exonerate with the protein-to-genome model. The hits were used as queries against the NCBI database to ensure the gene identity, further validated through phylogenetic analyses with select model mammalian and venom reptilian genes (also adding randomly selected sequences for each gene, to reduce clade bias). The retrieved sequences were aligned with MUSCLE [57] , followed by a Maximum likelihood (WAG+I+G) phylogenetic reconstruction. Hits were matched against their respective references in an alignment and visually inspected to assess potential venomous activity.
As a result, we identified 44 gene hits of the 16 most relevant protein venom classes (all present in snakes) in the S. paradoxus genome ( Table 7) . Inspection of pairwise MUSCLE alignments of the putative Solenodon venom genes with their animal homologs revealed several interesting cues. The putative venom genes could not be confirmed through genomic information alone, yet they cannot be discarded given that they were matched to high homology regions of closely related genes, such as those originally recruited into venom. There were also unusual insertions not found in other species' venomous genes. Specifically, an insertion in a serine protease, a gene with a role in coagulation (namely coagulation factor X), is not present in known homologs. The insertion seems to be located at the start of the second exon. This particular gene was further analyzed to understand the insertion and its potential functional consequences (Figure 7) . Finally, none of the venomous genes from the closest related venomous insectivore (Blarina brevicauda) have been found by this study. Our results indicate that a more detailed study of Solenodon venom genes using a transcriptome obtained from a fresh saliva sample is needed to address their molecular evolution and function.
Genomic variation and demographic history inference
Once the reference alignment was assembled as a consensus between the sequences obtained from the five S. p. woodi individuals, polymorphisms were identified in the six individual genomes by aligning them to the combined reference. Single-nucleotide and short variants and indels were identified in five southern and one northern individual using Bowtie2 [73] , SAMtools and Bcftools [74] , and VCFtools [75] . Each of the S. p. woodi individuals differed from the reference by an average of 1.25 million polymorphisms, and the S. p. paradoxus individual differed by 2.65 million from the reference assembly.
Whole genome SNV rates for solenodon were calculated, defined as a ratio of all observed
SNVs to all possible SNV sites in the genome were found to be comparatively low among other mammals (Figure 8 ) [76] [77] [78] [79] . To enable this comparison, the same calculations were employed, where SNVs were not filtered by repetitive regions or mappability mask and the number of possible SNV sites was defined as the genome assembly size minus number of unknown base pairs ('N').
Based on the variation data from the genomes of two subspecies (S. p. woodi and S. p
.paradoxus), we estimated population dynamics using Pairwise Sequentially Markovian Coalescent (PSMC) model [80] . PSMC uses the coalescent approach to estimate changes in population size:
since each genome is a collection of hundreds of thousands independent loci, it allowed us to create a TMRCA distribution across the genome and estimate the effective population size (Ne) in recent evolutionary history (e.g. from 10,000 to 1 million years).
Demographic history was inferred separately for S. p. woodi and S. p. paradoxus, and the resulting plots revealed differencesa difference in demographic histories of the two subspecies (Figure 9 ). Each southern individual was considered separately and their demographic histories are overlaid. The difference in demographic history provides another argument in favor of a subspecies split, as evidenced by distinctly different effective population sizes at least since 300 Kya. According to this analysis, the northern solenodon subspecies currently has a much larger Ne, which has expanded relatively recently, between 10,000 -11,000 years ago (Figure 9 ). Prior to that, it was the southern subspecies (S. p. woodi) who had a larger Ne. At the same time, the demographic history inference for both populations show similar cyclical patterns of expansion and contraction around the mean of 6,000 individuals for the southern subspecies (S. p. woodi) and 3,000 for the northern subspecies (S. p. paradoxus).
Development of tools to study population and conservation genetics of S. paradoxus
The presence of genome wide sequences of multiple individuals from two subspecies created a possibility for the development of practical tools for conservation genetics of this critically endangered species. Generally, microsatellite loci are both abundant and widely distributed throughout the genome sequence, and each locus is characterized by a unique flanking DNA sequence so it can be independently amplified in many individuals [81] [82] [83] . The major advantages of microsatellite markers are well known: codominant transmission, high levels of polymorphisms leading to the high information content and higher mutation rate that allows differentiation between individuals in the same population. Finally, microsatellite markers are easy to genotype even with the most basic laboratory configurations. While a genome obtained from one individual can be searched for the potentially variable microsatellite loci, it would (1) miss the majority of loci not represented in the individual's two chromosome sets, and (2) result in many false positives that must be verified by laboratory tests (usually by electrophoresis of the amplified fragments from population samples). Therefore, the availability of several genomes would contribute to (1) more comprehensive set of variable markers, and (2) these markers would be more likely to be true positives with much higher probabilities to show variation between individuals.
All three assemblies from this study (A, B and C) were independently analyzed using a Short Tandem Repeat (STR) detection pipeline. A, B and C assemblies were analyzed separately with TRF (Tandem Repeats Finder) to locate and display tandem repeats [84] . Each of the six individual samples from the two Solenodon subspecies (five from S. p. woodi and one from S. p. paradoxus)
were aligned to the reference assemblies A, B, and C by Burrow-Wheelers Aligner (Li and Durbin, 2009 ). Each set of individual alignments was analyzed with HipSTR [85] . Only the loci that shared more than 20 reads in the provided samples alignments were considered forfurther variable microsatellite loci search. The result of this search was saved in a Variant Call Format (VCF) file that included annotations of all loci that had variation between the samples and passed the minimum qualification of the reads parameter: to be successfully genotyped in at least one sample. The loci that did not pass these criteria were labelled as "unsuccessfully verified" and excluded from the list.
The remaining loci were subjected to additional filtering: all genotypes that had less than 90% posterior probability according to HipSTR [85] , genotypes with a flank indel in more than 15% of reads, and genotypes with more than 15% of reads with detected PCR stutter artifacts were discarded.
The final set contains loci that have at least two allele calls between the individuals after filtering have been deposited in the polymorphic microsatellite database (Database S8). This database contains a list of variable microsatellites discovered, the 1200 bp flanking sequence for primer construction, and the information on whether and where it was found variable -between subspecies, or inside one of the subspecies. We also report the type (di-tri-, etc), number of repeats, number of variants, % variable, and provide up to 100bp flanking sequence on both sides that can be used to develop primer sequences (Database S8).
Discussion
In this study, we sequenced and assembled the genome of an endangered Caribbean mammal that survived tens of millions of years of island isolation, but nevertheless is currently threatened by extinction due to anthropogenic activities. Our approach demonstrated sequencing, assembly and annotation of a genome of one of the earliest branches that split from the placental mammal tree, and provides insight into the de novo sequencing of other challenging genomes by delivering an important phylogenetic reference to the mammalian evolutionary history which can be added to the growing list of other phylogenetically diverse mammalian genomes for analysis in a comparative context [86] .
Albeit the full description of genome diversity of this rare enigmatic mammal needs to be further improved with more samples and analyses, our initial assembly of the solenodon genome contributes information and tools for future studies of evolution and conservation. Future studies can combine the current genome annotations with the inclusion of additional genetic and ecological data from further sampling.
With the new genome-wide assembly, we produce a phylogeny that validates previous estimates of the time of the Solenodon divergence from other eutherian mammals [3, 13] . Our comparative genome analyses have facilitated investigation of the timing of divergence of solenodon, and provide a window into genetic underpinnings of adaptive features, making it possible to begin to investigate the phenotypic characteristics of these unique animals including genes responsible for inflammation and venoms, and how these may reflect its adaptation. In addition, we developed tools that will help guide the future genome studies as well as conservation surveys of the remaining solenodon populations on the island of Hispaniola. In this study, we have made the first step into the whole-genome analysis of the Solenodon. A more complete genome sequence may provide a better picture of its evolutionary history, possible signatures of selection, and clues about the genetic basis of adaptive phenotypic features facilitating life in the Caribbean islands, and contribute to a better insight of island evolution and possible responses to current and future climatic changes.
The string graph assembly approach for homozygous genomes
The advantages of the string graph assemblies in our particular case can be understood by looking at the nature of the underlying algorithms. The de Bruijn graph is a mathematical concept that simplifies genome assembly by reducing information from short next generation sequencing reads, of which there can be billions, to an optimized computational problem that can be solved efficiently [87] . However, some information may indeed be lost, as the set of reads is effectively replaced with a set of much shorter k-mers to produce an optimal assembly path. Usually, this is compensated by overwhelming amounts of data in high coverage assemblies, and the difference in effectiveness between this and other types of algorithms, barring speed, becomes less evident. While sequencing becomes cheaper, genome projects continue to rely on the increased high quality coverage, increasing the cost of the sequence data rather than trying to increase the efficacy of the assembly itself. In contrast, the string graph-based algorithms for genome assembly are intrinsically less erroneous than de Bruijn graph based ones, since building and resolving a string graph does not require breaking reads into k-mers and therefore does not sacrifice long-range information [17] . This also helps reduce the probability of mis-assemblies: in theory, any path in a string graph represents a valid assembly [88, 89] . String graph based approaches have already been applied successfully to assemblies from high coverage read sets; and a one example is the Assemblathon 2 [90] . In projects with lower genome coverage like ours, adoption of string graph based approach might be of benefit to the genome assembly because it uses more information from the sequences. However, there are two major downsides for the widespread use: (1) it is more computationally intensive than methods utilizing de Bruijn graph algorithms, and (2) the implementation of the string graph model is sensitive to sequence variation, and the effectiveness of this approach may depend on the level of heterozygosity in a DNA sample. It is worth noting that Fermi [17] was primarily intended for variant annotation via de novo local assembly, and not for whole genome assembly. Nevertheless, the new genome-wide data produced by our pipeline was sufficient for the comparative analysis, and has been annotated for the genes and repetitive elements, and interrogated for phylogeny, demographic history and signatures of selection. In addition, using the current genome assembly we were able to annotate large transpositions and translocations in the Solenodon in relation to the closest available highquality genome assembly (S. araneus).
Potential implications
Comparative genomics
We have taken advantage of the fact that the genome of this mammal is extremely homozygous, which allowed us to combine samples of multiple individuals in order to provide higher coverage and achieve a better assembly using Illumina reads. The current assembly was performed without the use of mate pair libraries and high quality DNA, nevertheless it is comparable in quality to other available mammalian assemblies. In terms of contig N50 as a measure of contiguity, our assembly resulted in contig N50 of 54,944 while the most closely related available genome sequences of Sorex araneus (SorAra2.0) assembly features a contig N50 of 22,623, and the Condylura cristata (ConCri1.0) assembly has contig N50 of 46,163. It should be noted that scaffold N50 values are not to be compared as this study used only paired end reads, as opposed to S. araneus and C. cristata.
More importantly, the assembly provided annotation for more than 95% of the genes and allowed the subsequent comparative analysis.
Specifically, the repetitive composition of the solenodon genome was evaluated. Compared to the estimates based on the reference human genome [91] , very conspicuous is the lower numbers of SINEs (no Alu elements), and a significantly lower number of LINEs as well. Transpositions and translocations between the genomes of S. paradoxus and S. araneus were identified; very few rearrangements and translocations between the assembly and the S. araneus genome were found. At the same time a higher coverage would be needed to do more detailed analyses, for instance to address the relative length and similarity of indels and copy number polymorphisms between solenodon populations [92] .
Evolutionary genomics
As a result of the additional information for the nuclear genomes, we were able to confirm earlier divergence time estimates based on a set of genes [3] , as well as full mitochondrial sequences [13] . The whole genome analysis points to a split between solenodon and the insectivores that occurred around 74 Mya (Figure 5) , which is very close to our earlier estimates of 78 Mya, based on the full mitochondrial genome [13] . Our result does not support the 60 Mya estimate made by the phylogenetic analysis based on sequences of five slowly evolved nuclear genes [15] .
Our assembly provided enough gene sequences to gain an insight into the evolution of functional elements in the solenodon genome. It is reasonable to suggest that this species historically had low effective population sizes, if they remained close to those estimated by this study: or about 4,000 on average (Figure 9 ). Genetic drift is the prevailing force in small populations, so we did not expect to see many signatures of positive selection. Nevertheless, among the 4,416 single copy orthologs analyzed for dN/dS ratios over the entire length of a protein-coding gene between S.
paradoxus and 10 other mammals, 12 genes were identified as positively selected. Among these, the majority were membrane proteins, and one gene (CCRNL4) a possible circadian clock regulator (Table 6 ). It is possible that the short list of the positively selected gene could be a consequence of the large comparison group that included mammals very distantly related to solenodon, and its genes need to be compared with more closely related species, for example once the genome of S. cubanus is reported, and better gene annotations for Sorex araneus become available.
Solenodon is one of few mammals that use venomous saliva to disable prey, but is unique because it delivers its poison similarly to snakes -using its teeth to inject venomous saliva into its target. Different approaches could be used to characterize venom genes, such as the use of noncurated databases to widen the search spectrum thatwhich may include some potentially different molecules that could be found in Solenodon. For example, 6,534 toxin and venom protein representatives can be found in the UniProt database. It is also important to note that many venomous sequences currently found in databases may not match Solenodon's particular genes given the species' deep divergence from any other related venomous mammalian species. The fact that hits to known curated venoms were not fully determined suggests that the Solenodon's venom may contain novel protein modifications with unknown potential or application, making it valuable for future detailed characterization.
Genes with hits to venom sequences, such as serine proteases involved in coagulation (namely the coagulation factor X) are of major interest, since these genes in solenodon exhibited unusual insertions when compared to their homologs (Figure 7) . The detection of an unusual insertion in serine proteases has been previously found in another venomous mammalian species, the shrew Blarina brevicauda, but in solenodon occurs in both a different gene and site. This particular gene from solenodon, the coagulation factor X, is involved in the circulatory system and responsible for activating thrombin and inducing clotting. The insertion in the coagulation factor X gene seems to be a hydrophilic alpha helix with three potential protein-protein interaction sites. It occurs at the end of the region annotated as the signal peptide, while having a signal peptide cleavage site itself at the beginning of its sequence. The factor X protein structure was successfully modeled by Swiss-Model based on the venomous elapid snake Pseudonaja textilis (pdb: 4bxs), to have a heavy chain that contains the serine protease activity, which was modeled with a high degree of confidence ( Figure   10 ). The venom prothrombin activator has an advantage as a toxin in part due to modifications in inhibition sites, making it difficult to stop its activity. Another advantage is that the molecules are always found in an active form (Kinin). We hypothesize that the insertion could allow a more successful interaction with molecules capable of activating the F10 protein. Both Solenodon's extract and venom prothombin activator injections in mice can be lethal in minutes [7, 93] . The insertion was also searched against possible mobile DNA elements, but no matches were found. Our advanced results should be followed in the future by detailed pharmacological studies.
Conservation genetics
The low variation that exists between the solenodon sequences is hardly surprising, because the theoretical consensus in conservation genetics predicts that populations with a smaller Ne lose genetic diversity more rapidly than populations with a larger Ne [94] , and measures of genetic diversity have been explicitly suggested to IUCN as a factor to consider in identifying species of conservation concern [95] . The low N e in each subspecies is confirmed by our analysis (Figure 9) , and shows particularly low levels in S. p. woodi. Due to the limitations of PSMC, the most recent Ne cannot be calculated from the genome sequences [80] . Therefore, this level of diversity indicates historic levels persisting for at least 120,000 years, and does not reflect the recent impact on the solenodon population caused by anthropogenic factors in the last 10,000 years ( Figure 9 ).
Many endangered species with small populations also have reduced heterozygosity levels across their genomes, and would benefit from a computational approach that reduces the cost and optimizes the amount of data for the genome assembly. The real-life scenarios where no high-quality DNA can be produced because of the remoteness of sampling location, difficulty in transportation and storage, or when the high coverage cannot be produced due to the limited funds are well known to many, especially in the field of conservation genetics. The difficult field conditions and international regulations make it difficult to obtain samples with high molecular weight DNA. To aid the future conservation studies, we intend to mine the current dataset for microsatellite markers that can be used for the identification of subspecies, and potentially the populations of solenodons, as well as to be used as tools for studies on population diversity and monitoring. paradoxus) in this study. However, there are 170 variable microsatellites found exclusively in the northern subspecies, which can be used as ancestry markers to evaluate population structure and migration rates between the subspecies. The Venn diagrams representing microsatellite variation in three assemblies are presented in Figure 11 .
Finally, new data confirms the north-south subspecies subdivision within S. paradoxus reported earlier (Brandt et al. 2016 ). Moreover, the southern Hispaniolan solenodons currently have a much smaller Ne, which are recently expanded based on the pairwise sequentially Markovian coalescent (PSMC) model [80] . Moreover, according to our analysis, this difference in Ne between the two subspecies has existed for at least 120 thousand years ( Figure 9 ). This separation has been suggested by the earlier study using full mitochondrial DNA (Brandt et al., 2016) . Recently, another genetic survey using mitochondrial cytochrome b and control region sequences from 34 solenodon samples identified unique haplotypes in each biogeographic region [14] . The island of Hispaniola has been historically divided into three main biogeographic regions that differ in climate and habitat. The north and center of the island provide the largest area with known solenodon populations, and shows no discontinuity with the southeast. However, the solenodon populations in the southwestern part of the island are currently geographically isolated by Cordillera Central, and may have been isolated in the past by the ancient island divide across the Neiba Valley (Figure 2) . This geographic isolation is likely the reason why the S. p. paradoxus in the larger northern area, and S. p. woodi in the southwest, show morphological differences suggestive of separate subspecies [12] . Future conservation strategies directed at protecting and restoring solenodon populations on Hispaniola should take into consideration this subdivision, and treat the two subspecies as two separate conservation units.
Unfortunately, we did not have a chance to confirm the identity of a small remnant population that also survives at the Massif de la Hotte in the extreme western tip of Haiti [14, 96] , and, if procured, may show genetic divergence from the two populations described in our study.
Methods
Locations of where the samples were obtained are described on the map (Figure 2) , and coordinates are listed in Table S4 . (v1.8.4). The sequencing data for each sample used in this study is presented in Table S5 . Tables   Table 1 * Values in cells at the intersection of rows and columns represent the percentage (%) of coverage between the two compared genome assemblies. Syntenic blocks between each of the three Solenodon assemblies (A, B and C) were compared to the S. araneus assembly, and 50Kbp syntenic blocks were identified using the ragout-maf2synteny module of the software package Ragout [30] . Table 4 . The weighted coverages of the genomes in the Progressive Cactus alignment [29] , as calculated against the C. familiaris genome. The weighted coverage of the S. paradoxus genome assembly from our study is comparable to other high coverage mammalian genome assemblies. The cladogram used for multiple genome alignment with Progressive Cactus is shown in Figure S1 . Table 5 . Fossil-based priors associated with mammalian evolution used for calibration of divergence times [47] [48] [49] [50] . The 4,416 single copy orthologs identified in our assembly were used for phylogeny inference via four-fold degenerate sites with programs RAxML [45] and PAML [46] . The resulting phylogenetic tree was plotted with FigTree [51] and is presented in Figure 5 . Only one original sample (SPA-K) distribution is shown with a solid black line as they are identical for the original samples. The predicted mean genome coverage was approximately 5x for each sample (x=5). The combined uncorrected dataset is plotted in a dashed red line. The combined dataset corrected with QuorUM (Marçais et al. 2015 ) is plotted in a solid blue line. Local maximum on the left-hand side for each distribution (representing k-mers found once or very few times) indicates contribution of sequencing errors. The largest local maxima (to the right) are interpreted as projected coverage. For the combined sample this value is x=26. Smaller local maxima are interpreted as heterozygous contribution; it proves insignificant in the combined sample even after read correction. Figure 4 . Distribution of the gene prediction support by extrinsic evidence for Solenodon assemblies A (on the left) and B (on the right). Proteins of four reference species S. araneus (SorAra 2.0, GCA_000181275.2), Erinaceus europaeus (EriEur2.0, GCA_000296755.1), Homo sapiens (GRCh38.p7) and Mus musculus (GRCm38.p4) were aligned to a S. paradoxus assembly with Exonerate [33] with a maximum of three hits per protein. Coding sequences (CDS) were cut from each, clustered and uploaded into the AUGUSTUS software package [34] to predict genes in the soft-masked Solenodon assembly. Proteins from the predicted genes were aligned by HMMER [35] and BLAST [36] to Pfam [37] and Swiss-Prot [38] databases. Genes supported by hits to protein databases and hints were retained; the rest were discarded. Significantly more transcripts have higher hint support in assembly B. The annotated genes can be retrieved from Database S2. Assembly C has not been evaluated.
A B Figure 5 . Divergence time estimates based on four-fold degenerate sites and on fossil-based priors ( Table 5 ). The 95% confidence intervals are given in square brackets and depicted as semitransparent boxes around the nodes. The inferred divergence time of S. paradoxus from other mammals is 73.6 Mya (95% confidence interval of 61.4-88.2 Mya). Figure 6 . dN/dS ratios fort 4,416 orthologous groups containing single copy orthologous genes (monoorthologs). dN and dS ratios were calculated with the codeml module from the PAML package [46] . The dN/dS ratios were calculated over the entire length of a protein coding gene.
Values are color-coded by GO term aggregated by the GO Slim generic database [61, 62] , and the color code legend is presented in Figure S2 . The solid black line represents dN=dS; dots above it represent genes under positive selection. The figure is truncated at dN=1 and dS=2. All w, dN, and dS values are available in Database S6. Hydropathy analysis showed the relatively hydrophilic structure for the insertion. Figure 11 . Numbers of variable microsatellite alleles discovered in S. paradoxus assemblies. The diagrams were built independently for Fermi-based assemblies (A and B) and one SOAPdenovo2 based assembly (C). The red circle indicates microsatellites that were successfully genotyped in all samples with at least one alternative allele in the southern subspecies (S. p. woodi). The blue circle indicates microsatellites that were successfully genotyped in all samples with at least one alternative allele in the northern subspecies (S. p. paradoxus). The overlap indicates microsatellite loci with at least one alternative variant found in both subspecies. All alleles discovered, number of fixed alleles in each population and number of unique alleles in each population are presented in Table S3 . All the candidate microsatellite loci discovered in this study, along with their 5' and 3' flanking regions are listed in the Database S8.
